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gas and steel industries: the carb Shi ation óf coal ww fake gas 
and coke yields a by-product calléckanimoniaéal water. This 
material, when treated with sulphuric äcid gives an excellent 
fertilizer called sulphate of ammonia. But the low nitrogen 
content of coal (1 per cent to 14 per cent, not all of it recover- 
able) would have meant an enormous increase in carboniza- 
tion to provide enough sulphate of ammonia. The other new 
source was sodium nitrate from Chile. Chile nitrate first 
reached western Europe about 120 years ago but, although 
the deposits were very large indeed, demands were rising fast. 
In 1898 Sir William Crookes, then President of the British 
Association, forecast a world shortage and argued for the 
introduction of new sources of nitrogen. This, then, was the 
nitrogen problem - to find these new sources. Unless it could 
be solved, the world would be faced with starvation. 

An obvious source of nitrogen was the atmosphere It had 
been known for at least a hundred years that nitrogen made 
up about four-fifths of the gases of the atmosphere. If this 
nitrogen could be extracted from the atmosphere and fixed 
into compounds that could be used as fertilizers, the threat 
of a nitrogen shortage would be removed for ever. To take 
oxygen from the air and fix it into compounds is easy; it 
happens whenever something burns. But nitrogen is very 
much less reactive. Chemists worked hard to find an answer. 
By the turn of the century, they had found two. 


The cyanamide and the arc processes - Two processes for 
nitrogen were both perfected at about the same time - ar 
1900. Both depended on cheap electricity. Though elegi 
was then still very much an industrial novelty, it 
long before engineers and chemists found ways of 
tremendous heat produced by the electric arc. 
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Chile nitrate was, and still is, 

an important source of 
nitrogenous fertilizer. Here 
boulders of caliche (containing 
about 25 per cent sodium 
nitrate) are being broken up 
with pneumatic drills. The 
nitrate is then extracted by 
fractional crystallization. 

Nitrate Corporation of Chile Ltd. 


A nitrogen shortage - Some seventy years ago, scientists were 
worried by what was called the ‘Nitrogen Problem’. They 
discussed the problem at learned gatherings and wrote about 
it in learned journals. What was this problem and how did it 
arise ? 

During the nineteenth century, agriculture had made great 
strides, thanks to better equipment and new farming methods. 
Chemists had investigated ways of raising the yields of crops 
and one of them, the German scientist, Justus von Liebig 
(1803-1873), had paid special attention to the use of fertilizers. 
Other scientists demonstrated that certain chemicals contain- 
ing nitrogen, the nitrogenous fertilizers, could double or treble 
the yield of grain crops. This was important because the 
population of Europe was growing rapidly and it was be- 
coming necessary to grow more wheat to feed the people. 
Meanwhile the chemical industry was demanding more nitro- 
gen to make dyestuffs and high explosives such as dynamite. 

Thus agriculture and industry were competing with one an- 
other for the available nitrogenous compounds. And seventy 
years ago nitrogenous compounds were not plentiful. They 
were obtained, often with difficulty, from different sources. 
Urine had been used as a source for centuries. Compounds 
from dung, with a higher nitrogen content, were also used. 
One of these was potassium nitrate (saltpetre). This was im- 
ported mainly from India, and, being expensive, was kept for 
the manufacture of black powder and nitric acid. Another was 
guano, the droppings of sea birds which had accumulated on 
the islands off Peru. Guano had been shipped to Europe 
from the beginning of the nineteenth century but, by the end 
of the century, the deposits had been almost worked out. 

Larger supplies of nitrogen gradually became available from 
two other sources, both of which are still in use. One was the 
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the form of nitric oxide. Henry Cavendish had drawn atten- 
tion to this possibility in the 1780s, but it took a century and 
a quarter before his idea was realized on an industrial scale. 
Two Norwegians, Birkeland and Eyde, share the credit. Their 
process yielded dilute nitric acid which was absorbed in 
crushed limestone to produce nitrate of lime (containing 13 
per cent of nitrogen). This was expensive. It needed a lot of 
electrical energy to fix a small amount of nitrogen, and it was 
therefore essential to find a very cheap source of electricity. 
Birkeland and Eyde built large hydro-electric power stations 
in Norway and, shortly before the First World War, opened 
a works to make nitrate of lime. But their example was not 
followed elsewhere, even in those countries where low-cost 
water power was available because, by 1909, yet another and 
cheaper process for fixing nitrogen had been discovered. 


The Haber process - The nitrogen problem was solved by 
Fritz Haber. He was the son of a merchant of Breslau, a 
town in what was then German Silesia. After studying chem- 
istry, the young Haber went into business but did not like it 
much. He gave it up and obtained a post as lecturer at the 
technical college of Karlsruhe. There he specialized in electro- 
chemistry and physical chemistry. He knew about all the, 
efforts then being made to produce fixed nitrogen and, in 
1904, he too began to work at this problem. He became in- 
terested in the possibility of combining nitrogen and hydrogen 
to form ammonia, The equation for this reaction 1s as 
follows: 


Ng) + 3H,(g) > 2NH,(g) 
In practice, an equilibrium is set up. 


Ng) + 3HA{g) = 2NH;() 


AHosyx = —26 Kcal 


Cyanamide process. 

Flow sheet showing the 
manufacture of the nitrogenous 
fertilizer, calcium cyanamide 
Calcium لاشرام‎ WB. 
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The first step towards the realization of the cyanamide 
process was taken by a French chemist called Moissan. He 
discovered that coal (or coke) and limestone could be fused 
in an arc furnace to produce calcium carbide (CaC,). Further 
research in Germany show. ل‎ that crushed calcium carbide 
takes up nitrogen gas at a temperature of 900 - 1000°C and 


forms calcium cyanamide (CaCN,). 
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Calcium cyanamide contains about 20 per cent nitrogen and 
is a useful fertilizer. Farmers, however, are very conservative, 
and they were at first reluctant to accept it. 

Although the raw materials, coal and limestone, were cheap 
enough, the cyanamide process required a great deal of elec- 
trical energy. It also needed pure nitrogen. Expensive equip- 
ment for liquefying and distilling air was essential. For these 
reasons, the process was at best only a partial solution to the 
nitrogen problem. Nevertheless, it was quickly taken up in 
Germany, and later in several other European countries and 
then in North America and Japan. It was a commercial 
success for some years but became less important between 
the wars. Nowadays cyanamide is made for large-scale agricul- 
tural use only in Germany and Japan. ۰ 

The other method of nitrogen fixation, the arc process, 

used the energy of an electric arc to fix nitrogen of the air in 
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At ordinary pressures, hardly any of the nitrogen and hydro- 
gen combine. The equilibrium is over towards the left (—). 
However, since the volume of ammonia is only about half the 
combined volumes of nitrogen and hydrogen, increasing the 
pressure (and thereby decreasing the volume) causes the 
equilibrium to shift to the right (—) and so yields a greater 
quantity of ammonia. 

Temperature, too, affects the equilibrium. Since heat is 
given out in the reaction, the lower the temperature, the 
greater the yield of ammonia. However, the lower the 
temperature, the longer the time needed for the reaction to 
reach equilibrium - and in a manufacturing process speed is 
of the utmost importance. Therefore a compromise is neces- 
sary between the lowness of the temperature and the speed at 
which equilibrium is reached. 

At first Haber’s work was purely theoretical: it consisted of 
calculating the temperatures and pressures necessary to pro- 
duce the greatest quantity of ammonia. It seemed to him that, 
to produce even a small amount of ammonia, there would 
need to be a pressure of several hundred atmospheres and a 
temperature of several hundred degrees Centigrade. Walter 
Nernst disagreed with Haber as he had been able to obtain a 
very small amount of ammonia by reacting nitrogen and 
hydrogen at fairly low pressures. Haber revised his calcula- 
tions. He also began to look about for a catalyst to make the 
reaction go faster; osmium gave the best results. 

In 1908, four years after he had started on this work, Haber 
found that, at a temperature of 500-600°C and a pressure of 
175 atmospheres, nitrogen and hydrogen combined in the 
presence of a suitable catalyst to give a yield of 8 per cent 
per volume of ammonia. He was fortunate that the pressure 
needed to be no higher because the laboratory compressor at 
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Haber's experimental apparatus 
for the synthesis of ammonia. 
Deutsches Museum, Munich 


Key to diagram 

1. entry of compressed gases 

from the circulating pump 

(nitrogen and hydrogen with 

traces of oxygen) 

2. heated platinum asbestos 

to catalyse the reaction between 

hydrogen and traces of oxygen 
1, and so produce water 

3. drier to remove the water 

produced in the reaction above 

4. feed-in for fresh supply of 

nitrogen and hydrogen 

5. converter 


Carl Bosch )1874-1940( 
who built the first industrial 
plant for the ammonia 
synthesis. 


Karlsruhe had an upper limit of 200 atmospheres. He was 
also fortunate to have able and skilful assistants because the 
design of the apparatus was complicated, and Haber himself 
was a butterfingers. 

During the first half of 1909, several demonstration runs 
were made. These not only proved the value of Haber’s pains- 
taking theoretical work, but also showed that the process was 
a practical one and that it could have a revolutionary effect 
on industrial chemistry. The Haber process eventually dis- 
placed all the other methods of nitrogen fixation. 

When building his laboratory model, Haber made use of 
two ideas. The first of these was continuous flow. The reactants 
are fed in continuously at one part of the apparatus and the 
products are continuously drawn off at another, just like the 
conveyor-belt system. In Haber’s model, the mixture of 
hydrogen and nitrogen was continuously pumped through 
the reaction chamber or converter, with the result that the 
unreacted gases from the converter were always replenished 
by a fresh supply. This made up for the ammonia which 
had been withdrawn. The second idea that Haber made 
use of was that of heat exchange. An exchanger was built into 
the apparatus and the ammonia was made to give up its heat 
to the incoming. gases. This saved valuable energy. Con- 
tinuous gas flow and heat exchange proved to be of funda- 
mental importance. They are still used, along with the 
principle of catalytic action at high pressure and temperature, 
in all the ammonia plants that have been built. They have 
also been used in many other chemical processes. 

Haber was awarded the Nobel Prize for chemistry in 1918 
for his discovery of the ammonia synthesis. 


Synthesis of ammonia on an industrial scale — In 1909 a large 
German firm manufacturing dyestuffs, Badische Anilin- und 
Soda-Fabrik, bought the rights to the Haber process. The 
formidable task of developing the laboratory apparatus at 
Karlsruhe into a large plant now began and was brilliantly 
accomplished by Carl Bosch. Bosch’s father owned a plumb- 
er’s business, and this background was most useful to his son, 
who had worked as a fitter for some time before going to the 
university to read chemistry. In 1899 he joined Badische 
Anilin. He quickly made a reputation as an outstanding 
organizer and chemical engineer. 

Bosch and his team had to deal with three main problems 
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war with armies of millions, instead of thousands. This meant 
an equivalent increase in the amount of ammunition needed 
by each side to win. The German military planners had been 
over-confident: they had counted on a short war and had not 
given enough thought to their stocks of high explosives. 
Within a few weeks, it became clear that the military effort 
would grind to a halt unless the supplies of Chile nitrates, cut 
off by the blockade of the Royal Navy, were replaced by 
something else. Nitrates were then used to make nitric acid 
and, without nitric acid, there could be no explosives. Haber 
and other chemists pointed out that ammonia is easily oxidized 
to nitric acid, and therefore, if there were enough ammonia, 
there would be no danger of running out of explosives. 

For some months the crisis was acute, but the cyanamide 
process was pressed into service and some much needed 
ammonia was obtained by decomposing cyanamide with steam 


_ —a method not used before the war because it was so costly. 


Meanwhile a crash programme was started, to enlarge the 
synthetic ammonia plant at Oppau, and to construct a second 
and much larger one. By the end of 1915 the most acute 
shortage was over, and three years later the capacity of the 
German synthesis works was no less than 180,000 tons of 
nitrogen a year. 

One of the chief reasons why Germany lost the war was 
not through shortage of explosives but because the army took 
such a large share of the nitrogen compounds that there was 
not enough left for the farmers. In 1917 and 1918 the harvests 
were disastrously bad. Ironically, in the country where the 
solution to the nitrogen problem had been found, the wheat 
failed and people went hungry. 


Later work of Haber and Bosch - During the First World War, 
Haber had been in charge of Germany’s chemical warfare. 
When the war was over, Germany had to pay for the damage 
done and Haber hoped to find gold in the sea and so pay the 
debt. It was known that sea water contained traces of gold, 
but the methods of analysis were crude and the results differed 
widely. Haber now addressed himself to the problem and, : 
یله‎ years of work, found that on average one ton of sea w: 
contains a thousandth of a milligram of gold. Such a 
quantity would have been far more expensive to extra 
the worth of the gold, so Haber, bitterly disappointed 
givg yp He returned to his research insti 


in building a plant to work the Haber process. The first was 
to design a converter to withstand the high temperatures and 
pressures. Such severe operating conditions had not been met 
before, and many metallurgical problems had to be solved. 
In 1913 Bosch designed a steel converter which weighed 31 
tons and was 24 feet high. Nowadays a converter weighs 
around 170 tons and the height is about 60 feet. The second 
problem was the choice of catalyst. Those used by Haber were 
satisfactory, but expensive. Bosch had this problem thorough- 
ly investigated and, by the end of 1912, some 6500 experi- 
ments had been carried out. His staff eventually found that 
an activated iron catalyst containing oxides of potassium, 
aluminium and calcium gave the best results; this type of 
catalyst is still used and has proved itself satisfactory at a 
working pressure of 300 atmospheres. Finally, Bosch had to 
devise cheap ways of getting hydrogen and nitrogen. At first, 
hydrogen came from the electrolysis of water, and nitrogen 
from the liquefaction of air. Both these processes were too 
expensive for large-scale operations. To make hydrogen, 
Bosch invented a process whereby steam is blown over coke, 
and the resulting water gas is catalytically separated into 
hydrogen and carbon dioxide. A few years later, his process 
was supplemented by another in which air is blown over coke, 
and the nitrogen-rich gas is freed from carbon monoxide 
before it is pumped to the converter. 

The final answer to these and other problems took many 
years to find. However, in 1912 it was decided to build an 
ammonia plant, and towards the end of the next year a com- 
plete works was operating at Oppau on the Rhine. It had a 
capacity of thirty tons a day of ammonia and could make 
30,000 tons of sulphate of ammonia a year. With the success of 
this plant — a forerunner of many others - it became evident 
that the menace of famine caused by lack of nitrogenous 
fertilizers had finally been overcome. Bosch, through building 
the plant, had created a new branch of the chemical industry 
based on high-pressure techniques. He began to apply these 
new techniques to related industrial processes. For his 
achievements in high-pressure chemistry, Bosch shared the 
Nobel Prize award in 1931. 


The Haber process in time of war - When war broke out in 
August 1914, a new nitrogen problem arose. Because of the 
great increase in the population of Europe, countries went to 
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Berlin which, under his direction, became a centre for ad- 
vanced work on physical chemistry. 

Bosch remained in the chemical industry throughout his 
life. He played an important role in developing a process 
to make petrol from coal and, during Hitler's war when 
Germany was short of crude oil, it was used on a large scale. 
Later in his life Bosch became the chairman of the company 
he had joined in 1899, and, when that company merged with 
others to form a big combine, he became the first managing 
director of the new group. 

In spite of all their other achievements, Haber and Bosch 
will be remembered chiefly for their ammonia synthesis. Start- 
ing with Haber’s calculations and ending with the manufac- 
turing plant at Oppau, this transformation of a theoretical 
idea into a practical reality is a notable example of the great 
practical benefits when the skills of the chemist and the 
engineer are combined. Thanks to the success of Haber and 
Bosch, the nitrogen problem was solved and the threat of 
world starvation was averted. 


Nitrogen production today — After 1918 synthetic-ammonia 
plants were built in many European countries, in North 
America and in Japan. Many of these plants are still opera- 
ting today. They can make from 50,000 to 100,000 tons 
of nitrogenous fertilizers a year. Modern plants are twice or 
three times as large. In these plants, the manufacture of 
synthesis gas (hydrogen and nitrogen) by blowing steam over 
coke has been superseded by newer processes. Most of the 
hydrogen comes from natural gas or other petroleum fuels. 
The carbon monoxide produced in this process reacts with 
oxygen in the air to form carbon dioxide. The carbon dioxide 
is removed, leaving nitrogen gas for the ammonia synthesis. 

Work goes on round the clock and, as well as converters, 
there are gas-producing plants, plant for the conversion of 
ammonia into ammonium compounds, huge storage silos, 
power stations, railway sidings, and of course large workshops 
for maintenance services and laboratories. Building and 
operating a works of this size requires a lot of money. It is not 
surprising that chemical companies are among the largest 
commercial enterprises. 

At present, about 70 to 80 million tons of fertilizer (con- 
taining 16 million tons of nitrogen) are being used on the soil 
each year. Nearly all of this fertilizer is made by the Haber 


process or modifications of that process. But even this huge 
tonnage is not enough. Africa, Asia, and Latin America - 
continents where the population is increasing fast - are using 
very little nitrogen, and it is essential for them to grow more 
food. In the future, the world production of fixed nitrogen will 
become even larger than it is today. 


This background book was written by 
L. F. Haber, the son of Fritz Haber. 
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